Abstract In recent years, we have been studying approaches to the realistic modeling of natural systems, especially biological systems. We have tested several of these in a project devoted to modeling pancreatic organogenesis, a complex system that dynamically promotes structural and molecular development. Here, we describe one of these approaches-a kind of 'divide and conquer' technique, in which the system is disassembled into modules to specify behaviors on the scale of the organ (i.e., morphogenesis) and the cell (i.e., molecular interactions). At run-time, these modules are re-assembled to direct development in individual cells. This approach employs multi-scaling and dynamics, two important characteristics of natural systems, but avoids cross-scaling. It thus appears to be useful for systems in which the importance of cross-scaling seems to be less significant, such as the development of phyllotaxis in plants. In pancreatic organogenesis, cross-scaling was found to be a significant characteristic, and thus by using 'divide and conquer' we could cover only its preliminary stages. We discuss the approach and our use of it, as well as he various methods to analyze the achievements and limitations of the end result.
Introduction
Natural systems, such as organs and organisms, are large-scale complex systems with numerous elements and interactions. Modeling such systems can lead to better understanding thereof and may help in efforts to save on resources and development time. During the past years, we have been focused on developing approaches for modeling natural systems. We developed several approaches to simulate the natural systems through changes in 4 dimensions: time and three dimensions of space. The chain of reactions leading to cellular and structural development emphasizes the need for multi-scaling. Furthermore, the importance of 4D dynamics in natural systems underlies the time-dependent developmental processes that affect the developing organ. Thus, for the very least, a plausible approach should conduct dynamic formation of a 3D structure.
We tested our approaches on pancreatic organogenesis, a complex system in which the pancreas is developed and formed. This system involves multiple scales, dynamics, and a unique 3D anatomic structure. During organogenesis, reactions in cells lead to cellular behavior and anatomic structuring of the organ. In turn, the cell's position feeds back and influences gene expression. In pancreatic organogenesis, cells act in concert and aggregate to a cauliflower-shape structure. Zooming into the formation process discloses the molecular interactions that drive each cell during its life cycle.
The end result approach, which we term autonomous cell, defines a cell as a 3D entity that senses its environment and acts accordingly. This approach was found very beneficial for modeling pancreatic organogenesis and conduct multi-scale, cross-scale, and dynamics as well as emergence of the 3D organ structure from a collection of molecular interactions. The approach enables integration of the genetic, molecular, and cellular components, along with environmental signaling into a dynamically running, three-dimensional simulation (see [40] ).
However, as a step toward the autonomous cell approach, we have developed several approaches that served as important milestones in our work, and enhanced different aspects in the task of modeling natural systems. The 'divide and conquer' approach 1 that we describe here suggests decomposing a system into independent modules and reassembled them at run time. Accordingly, we defined two main modules; one specifies the structural development of the system and the other formalizes the molecular interactions in an individual cell.
In natural systems, such as pancreatic organogenesis, these two modules correspond to different scales of the system [7] . The specifications of molecular interactions correspond to behavior of the system at the cell scale, while the formation of the organ specifies the morphogenesis at the organ scale. From the biological point of view, the 'divide and conquer' approach suggests to separate scales in natural systems, namely, the behavior of the organ from the behavior of individual cells. Thus, this approach conducts multi-scaling and 3D dynamics, two important characteristics of realistic modeling [7] .
To apply the 'divide and conquer' approach to pancreatic organogenesis, we formalized a eukaryotic cell as an object with a sub-object for its nucleus. We specified in a molecular interaction module the relevant interactions in a cell using the language of statecharts [16] , as implemented in the Rhapsody tool [44] . Separately, we specified a module for structural development using a concept inspired by sweeps to branched skeleton algorithms [33] . Accordingly, an autonomous object serves as the morphogenesis module, which holds predefined skeletons of the structure at various developmental stages. The two modules direct at run time the development of instances of a cell in the simulation. Events that are generated by the molecular module drive the molecular development of cells, which are in parallel directed by the morphogenesis module toward the predefined skeleton.
We linked the model to a 3D animated front-end (in 3DGameStudio [1] ) and an analysis GUI (in MATLAB [23] ), using the idea of Reactive Animation [10] and its generic platform [18] . At run-time, the simulation is visualized and analyzed at a front-end and a GUI, respectively.
To analyze the model, we separately examined the behavior of each module. The emerging structure was compared against images of 2D histological sections, while the molecular interactions were compared to a simple mathematical model that describes the kinetics of cell populations. The analysis revealed qualitatively similar results, but we found the overall approach insufficient for realistic modeling of the complete system. In particular, when we attempted to extend the coverage, we had to introduce cross-scaling to capture the interplay between structural development and molecular interactions (i.e., the two independent modules).
Pancreatic Organogenesis
In mice, pancreatic organogenesis is initiated on the eighth embryonic day, and is roughly divided into two transitions, primary and secondary [29] . During the primary transition, cells in the appropriate regions of the flat gut are specified as pancreatic and form a bud; during the secondary transition, the bud evolves and becomes a branched structure [20, 41] . Organogenesis depends on simultaneous interactions across molecular and morphogenetic mechanisms that act in concert to form the organ. The molecular mechanisms involve processes that regulate the differentiation and development of individual cells (see, e.g., Fig. 1, left) , whereas the morphogenic mechanisms gather the cells together to form a cauliflower-like shaped organ (see, e.g., Fig. 1, right) . Pancreatic morphogenesis is initiated by a budding process, which leads to thickening of the flat gut. Later, followed by mesenchyme intervention, the pancreas undergoes a process of branching to create the branched structure of the matured pancreas [20] . In parallel, different molecular processes (e.g., proliferation and pancreatic specification) promote the molecular development of the organ [4, 5, 20] . These processes are driven by interactions between different elements including intra-cellular signaling and cell-cell interaction [9, 21, 26, 37] .
Methods

Modeling Approach
We studied the morphogenetic behavior and the molecular interactions in pancreatic organogenesis. Using the language of statecharts [16, 17] , as it is implemented in the Rhapsody tool [44] , we formalized the molecular interactions of a pancreatic cell. Statecharts define behavior using a hierarchy of states with transitions, events, and conditions. The language can be compiled into executable code using the Rhapsody tool. To promote aggregation of cells toward a specific structure, we employed a concept that directs objects toward a pre-defined fixed skeleton. This concept was inspired by sweeps to branched skeleton algorithms [25, 33] and was adjusted to pancreatic organogenesis by adding relevant features such as 3-dimensionality and proliferation.
To visualize the model, we used the idea of Reactive Animation [10] , a technique that links a reactive executable model with an animated front-end to form a visualized, interactive, and dynamic model. Using a generic platform for Reactive Animation [18] , we linked the model to a 3D animated front-end (in 3DGS [1]) and a mathematical GUI (in MATLAB). The front-end visualizes the simulation and provides the means to interact with it, while the mathematical GUI monitors and analyzes the progress. At run time, processes in the simulation are reflected in the front-end in different ways, e.g., by color and position changes. Separately, the mathematical GUI displays various graphs and statistics of the simulation. A prerecorded clip of the simulation at run-time is available at research.microsoft.com/~yakis/runs.
Modeling Molecular Interactions
A eukaryote cell consists of many concurrent sub-cellular and molecular mechanisms that drive development and function over its life cycle. Each sub-cellular element consists of many concurrent processes and mechanisms that dynamically drive the cell's function over time. In the model, we formalized a cell as an object and its nucleus as a sub-object to indicate (strong) composition between them. Accordingly, the Nucleus object specifies behavior for the gene expression in the cell, while the Cell object itself specifies the behavior of molecular mechanisms (e.g., proliferation). This setup is illustrated in Fig. 2 , which shows the cell object accompanied by schematic versions of their statecharts.
The nucleus, the core of a cell, contains the DNA and consists of genes that regulate its development. The genes are expressed in response to various signals in the cell. Genes express proteins that influence the cell's behavior. To model the nucleus, we took a simplistic approach, defining each gene as an independent component that can be either Expressed or Unexpressed. The effect of gene expression is diverse and depends on the process. Gene expression is visualized in different manners. For example, in the case of markers, proteins that determine differentiation, expression is visualized by color changes of the animated cell. In pancreatic organogenesis, one important gene is PDX1, which is considered as the pancreatic marker. In the model, when the active state of the PDX1 component moves to Expressed the corresponding animated figure changes its color from red to green. The color change indicates that this specific cell accomplished pancreatic specification and is now specified as pancreatic progenitor and no longer as an endodermal cell.
The Cell itself describes the behavior of various molecular mechanisms (such as, differentiation, proliferation, death) in a cell during its lifespan. This element also carries the spatial 3D coordinates of the cell and updates their values at run-time as the simulation progresses. We specify the mechanisms as orthogonal components, which at run-time act concurrently to drive the cell's behavior over time. As an example, consider the cell proliferation process. The Proliferation component defines a state for each stage of the cell cycle. At run-time, when the Proliferation ends (i.e., its active state moves to state M), the Cell duplicates itself by creating an identical Cell instance (i.e., a new instance of a cell is created and its active states are set to be identical to its parent). At the front-end, an additional animated cell is created in the appropriate location, which was calculated during its parent division.
Modeling Structural Formation
To model the morphogenetic behavior of cells, we use a concept inspired by sweeps to branched skeleton algorithms (STBS). STBS algorithms are used to model lobed leaves by predefining a branch skeleton to reconstruct the plant structure [31, 33] . In the past, these algorithms were mainly used to extract the structure of a 2D scanned object. In organogenesis of natural systems, we have to consider a population of objects that, among other things, proliferate and interact. Thus, we adjusted the concept to support morphogenesis of proliferating population in 3D.
As mentioned, among other things, we assigned a property in the Cell object that specifies its spatial coordinates. Accordingly, when a newborn Cell is initiated, its spatial properties are updated based on its parent location. In addition, we defined another object, which utilizes pre-defined 3D skeletons that determines generic structures of the organ at different stages. This STBS object corresponds to mechanisms in the environment that promote cells to aggregate and form the pancreatic structure. At run time, the object directs cells by minimizing the distance between the cell the skeleton. Thus, cells are 'swept' toward the skeleton to form the branched structure of the pancreas. At the front-end, the animated cells continuously update their positions. As the animation progresses, the visualization discloses how the population aggregates to form the branched structure of the pancreas.
Combining the Two: The Simulation at Run-Time
When the model is executed, instances of the Cell (Fig. 2) are created and appear in the front-end as a sheet of red spheres on the proper location at the flat endodermal Gut. Once a Cell instance is created, one state in each concurrent component of the statechart is set to be an active state. At this point, the Cells are uniform and their active states are set to the initial states (designated by a stubbed arrow). As the simulation advances, cells respond to various signals by changing their active states accordingly. Hence, the sheet loses uniformity at a very early stage of the simulation.
To illustrate the simulation in progress, consider a conceptual process that unifies many biological processes such as signaling pathways or cell migration. Such a process is stimulated by a signal that initiates a chain of various reactions. Consequently, events are sent to the Nucleus, which initiates expression in various Genes. In turn, the active state in the relevant components moves to the Expressed state and the corresponding animated cell changes its color. Eventually, an event is generated and the relevant molecular mechanisms move to new states. For example, an event may promote a cell to proliferate, and thus the active state in the Proliferation component in the Cell becomes M. Consequently, the cell duplicates itself, and a new animated cell appears in the front-end. In parallel, cells are specified as pancreatic and change the color of their corresponding spheres (Fig. 2 top-left) .
At the same time, the STBS object directs cell movement towards the predefined skeleton. Accordingly, the spatial properties of cells are continuously updated to simulate cell migration. At the front-end, animated cells change their location accordingly to form the pancreatic branched structure. When a cell proliferates, the new instance interacts with the STBS object and is directed based on its parent position. Other molecular mechanisms, such as differentiation or specification, act concurrently. The simulation achieves equilibrium when cells are differentiated and are located in a proper position on the skeleton, where they cannot proliferate anymore.
Results
Behavior of Population Fits Simple Mathematical Model
To analyze the molecular development of the cell population in the simulation, we recorded the cell count of the endodermal and pancreatic populations over time. Each run of the simulation generated a slightly different growth, but the overall course maintained similar characteristics. Figure 3 (left) shows a typical time dependent molecular development of endodermal (red), pancreatic (green), and overall cell population (black).
We observed three major regimes. In the primary regime (embryonic day 8-9) endodermal cells proliferate but do not specify as pancreatic. Thus, the endodermal population increases but the pancreatic one does not. At the secondary regime, specification signals are introduced and endodermal cells start specifying as pancreatic cells and the proliferation continues in both. In this regime, we observed decrease of the endodermal population and a rapid growth in the pancreatic one. In the last regime (starts approximately at embryonic day 13), both populations enter a steady state, in which the endodermal population is fully specified and the pancreatic population achieved maximum.
To test the plausibility of the results, we constructed a simple mathematical model that simulates the molecular behavior of cell populations in the model. We formalized the system using ordinary differential equations (see, e.g., [8, 38, 39] ) to describe the kinetics of cell population. The model (1) considers a population of endodermal cells (E) and a population of pancreatic cells (P ). E proliferates at rate k p and specifies as pancreatic in rate k s , which is regulated by additional signals formalized in f s . The pancreatic population P is increased by the specification and proliferation processes. Pancreatic cells proliferate at the same rate an endodermal but are bounded by additional signals, thus we assign the f p element to describe effect of such. Figure 3 (right) shows a solution for the mathematical model. This result manages to reproduce the behavior of the cell population and the three regimes described above.
(1)
The difference between the two models emerges from the modeling perspective. While the mathematical model describes the behavior of cells as a population, the computational model specifies behavior of an individual cell and the behavior of the population emerges from execution of many instances with the same specification. Although simplified, the mathematical model revealed similar characteristics for the populations as emerged from the computational simulation. Here, we used the mathematical model for qualitative analysis only and did not examine the model in detail. However, a quantitative analysis is possible, but is beyond the scope of this paper.
The Emerging Structure Generates Histological Sections
As the simulation advances, cells proliferate and are directed by the morphogenesis module toward the branched structure of the pancreas. Figure 4 shows four steps in the formation of the structure from flat sheet into the matured pancreas (see a recorded clip at research.microsoft.com/~yakis/branching). To compare the 3D emerging structure with the two dimensional data (e.g., Fig. 1, right) , we enabled a 'halt and slice' option in the animated front-end. Accordingly, at any stage of the simulation, the user can halt the simulation and view slices of the emerging structure over the x-and the y-axis. The cross-section slices are then compared with the histological section. A comparison of 2D histological sections (left) and cross sections of the simulated structure (right) is shown in Fig. 5 . The results indicated that the emerging structure manages to qualitatively illustrate somewhat of the dynamic of early stages of pancreatic morphogenesis. Notice that in addition to the structural formation, the molecular behavior is also visualized in the front-end at run time. For example, cells proliferate by creating new instances and change their properties (e.g., color) to indicate gene expression. It is important to emphasize that the molecular changes are not effected by the cell position, which is being regulated separately.
The Need for Cross-scaling in Pancreatic Organogenesis
As mentioned, the 'divide and conquer' approach, by its very nature, separates the molecular interactions from the structural formation. Thus, it does not conduct the interplay between main modules. To proceed with realistic modeling of pancreatic organogenesis, in particular to advance to the 'secondary transition' in which cells adopt their final fate, we had to introduce cross-scaling [7] to enable interplay between the molecular interactions and the structural formation.
The principles underlying cross-scaling in modeling natural systems are illustrated in Fig. 6 . In the 'divide and conquer' approach (Fig. 6, top) , a module for molecular interactions (left) is separated from the structural behavior (right). At run time, the two modules interact with cells (middle), to drive in parallel their molecular and structural development. An approach that considers cross-scaling (Fig. 6,  bottom) links the two modules and enables interplay between them. At run time, molecular interactions and structural information direct cell development as before, but also interact with each other to promote different aspects in their development.
The Delta-Notch mechanism emphasizes the need for cross-scaling in organogenesis. In pancreatic organogenesis, this mechanism directs cells towards their final fate. It is partly initiated by external signals (from the extra-cellular space) and is enhanced by cell-cell interaction. At the same time, cells that adopted an endocrine fate, aggregate to form clusters named 'islet of Langerhans'. In this case, the stage of a cell is significantly determined by external signals in its spatial position. Thus, the molecular development relies much on morphogenesis. In turn, a cell that adopted an endocrine fate, starts aggregating in a cluster, and thus the molecular interactions determine the structural formation. Such a mechanism forces cross-scaling for simulating its behavior. 
Discussion
During the last decade, increasing interdisciplinary work modeled aspects in natural systems to explain relevant experimental findings (see, e.g., [2, 6, 14, 27] ). However, most of this work describes the system at a specific scale and ignores others. Moreover, the work focuses on a single mechanism in each scale and disregards multiple interactions. Another type of modeling work formalizes gene expression and protein activity using a variety of mathematical and computational tools (for example, see [3, 19, 30, 34, 35] ). However, most of the relevant work ignores multiple concurrent activities and focuses on a single mechanism in the entire system. An example of comprehensive modeling is the beating heart project [28] , which over the last fifty years formalized the electric activities in the heart. However, by its mathematical nature, the model is not interactive and does not support the kind of visualization we seek.
Recently, various papers use computational modeling approaches for natural systems. In [13] , hybrid automata are used to model the Delta-Notch mechanism, which directs differentiation in various natural systems. In [11] , computational challenges of systems biology are described and various approaches for achieving them are discussed. A similar motivation for model-driven engineering approaches is discussed in [36] . In [12] , computational and mathematical approaches are reviewed and the term executable biology is used to describe the kinds of modeling carried out in our group, and recently also elsewhere. In [45] , a model for a eukaryotic cell is built, in which a UML class diagram was used to formalize the relations between a cell and its sub-cellular elements. The setup was empowered by specifying behavior of different cell types (e.g., red blood cell) using the ROOM formalism. A similar approach was employed in [43] to model the Ethylene-Pathway in Arabidopsis thaliana using statecharts and LSCs.
To simulate the development of natural systems, we confront a complex system that dynamically evolves over time and space. This task requires one to understand the many time-dependant aspects of the system. A comprehensive modeling approach of such systems should provide the means to specify behavior of its different aspects [7] . Moreover, the approach should deal with the system on different levels of abstraction, which in turn drive different scales of the development. At the very least, such an approach should provide the means to simulate the dynamics of formation of a 3D structure.
The 'divide and conquer' approach presented here was inspired by many industrial reactive systems, which can be separated into fundamental components that interact at run time. In natural systems, this approach provides the means to specify dynamic behavior of the structural and molecular development of a natural system as separated modules. From the biological point of view, these modules correspond to different scales of the system, organ, cell, gene, etc. However, by its nature, the approach does not provide the means to specify interplay between the different modules. Thus, it conducts multi-scaling and 3D dynamics but avoids cross-scaling.
In this paper, we describe how the 'divide and conquer' approach was employed for modeling pancreatic organogenesis. The end result gave rise to dynamic rep-resentation of the system and managed to capture the preliminary stages of its development. Furthermore, the model provided plausible results for the preliminary period. However, more complex mechanisms of the system could not be specified using this approach. These mechanisms involve interplay between structural and molecular behaviors, which are specified separately in the model. Thus, we move that this approach can be used to model such systems as the development of phyllotaxis in plants, which might be separated into fundamental modules. For example, structural phyllotaxis principles can be specified as L-Systems [22, 32] , while molecular behavior can be formalized using deferential equations. Furthermore, existing models (such as, e.g., [15, 24, 42] ), which describe structural formation of natural systems, can be extended using the 'divide and conquer' approach to support molecular behavior.
In the case of pancreatic organogenesis, the 'divide and conquer' approach emphasized the need for cross-scaling in organogenesis, and served as a significant milestone in our work toward the model described in [40] , which employs the 'autonomous cell' approach.
